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ABSTRACT— Tar yield and collection from the pyrolysis of relatively large particles of biomass arc investigated using the
model of Miller and Bellan (1996b). A variety of feedstocks are considered by varying the ratios of cellulose, hemicellulose
and lignin within the biomass. Effccts of secondary tar reactions, quenching, temperature, particle size and carrier gas arc
assessed. Sccondary tar reactions occuring in both the particle’s interior and the eXterior boundary layer strongly reduce the
potential amount of tar available for collection compared to the maximum given by kinetic predictions. The primary eflect
of these reactions is the existence of an optimal reactor temperature range for maximizing tar yiclds. This range is a function
of both the quenching location and the initial particle size, For rapid quenching near the particle surface, tar collcction is
maximized at high temperatures for small particles, and at low temperatures for large particles. For delayed quenching, low
temperatures slow the secondary reactions and provide larger tar yiclds for all particle sizes investigated. Tar yiclds grc also
dependent on the choice of the inert carrier gas; primarily duc to changes in heat capacity. A sensitivity study is performed
in order to assess the influence of the biomass apparent density, thermal conductivity, heat capacity and primary heats of
reaction,
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NOMENCLATURE

C Specific heat.

d Characteristic pore length scale.
D Molecular species diffusivity.
¢ Specific internal energy.

K Reaction rate.

M Molecular weight.

N Total number of specics.

P Pressure.

r Radial coordinate.

R Radial position.

i Universal gas constant.




S Reaction source/sink term.

t Time.

T Temperature.

U Gas phase velocity.

X Char formation mass ratio for reaction K.
Y Gas phase mass fraction.
Greek Symbols

Ah Hcat of reaction.

€ Porosity.

11 Divergence of the velocity.
A Thermal conductivity.

Jt Molecular viscosity.

p Apparent density.

p True density.

P Stefan-Boltzm ann congtant

=

Emissivit y.

Subscripts and Superscripts

0 Initial value.

c Conversion.

eff Effective.

g Gas phase.

1] Harvest.

i Species:.

R Reactor.

s Solid phase.

t Total (al species and phases).
T Thermal.

v Constant volume.
/ Excluding char.
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Thecfficicnt extraction of condensable tar vapors from commercial biomass pyrolysis reactors is relevant to many
technologies. Diebold and Powers (1 988) discussed the potential commercial applications of biomass tars for usc
in resins and adhesives. More recently, Chornet et. al. (1992) addressed the feasibility of fast pyrolysis processes
for the large scale harvesting of tar oils from crude biomass for hydrogen fuel production. Chomect er. al. (1992)
suggested that it may bc possible to obtain up to 75°/0 of weight conversion to liquid yields and described techniques
for conversion to hydrogen. Although the uscfulncss of tar oilsis wellaccepted, optimal reactor designs for oil
extract ion arc not established. Fluidized bed and entrained flow reactors have reccived major attention (Scott ct.
al., 1988) duc to both their potential for scaling to commercially relevant capacitics, and to widespread previous
hydrodynamic studies (c .g. Lim et. al., 1995). Other reactor designs under investigation include the rotating
cone (Wagcnaar er. al., 1992) and the cylindrical] vortex (Dicbold and Powers, 1988) reactors both of which usc
centrifugal acceleration of biomass particles against a heated wall for rapid heat transfer. Reactors designed for
tar collection generally operate at moderate temperatures (~ 800K) as secondary tar decomposition reactions arc
observed to dominate at larger tempceratures. It is also recognized that rapid quenching of the pyrolysis vapors
can be used to minimize the extent of secondary reactions in order to improve the oil yields. 1lowever, results
obtained for the cylindrical vortex reactor arc so far limited to bench scale reactors and greater understanding of
collection methodology is necessary before a commercially successful scalcup is attempted.

Most of the previous scientific investigations of biomass pyrolysis arc limited to the study of residual mass
as related to charcoal production (scc e.g. DiBlasi,} 993b for a recent review), Liquid and/or gas yields have
not only been studied much less, but the studies have also been restricted primarily to very small, kinetically
controlled particle sizes. Thurner and Mann (1981) present ¢xperimental measurements from the pyrolysis of oak
particles with mean size < 1 mm at relatively mild temperatures < 675K . Reported tar yields at intermediate
times show peak values of= 50% by mass whercas at |ater times, the yields arc observed to decrease, indicating
the presence of secondary tar decomposition reactions. Scott and Piskorz (1 982) and Scott et. al. (1988) studied
maple particles with mean size ~100;m and report maximum tar yields > 80% by mass at moderate reactor
tempceraturcs of =~ 775K. These large yields were the result of the small particle size and rapid quenching of
the pyrolysis vapors. Liden et. al. (1988) developed a kinetics mode] incorporate ing secondary tar reactions to
explain these results. The proposed reaction scheme suggests that primary tar yields incrcase monotonically with
increasing reaction temperatures, but that competing secondary tar decomposition dominates at large tcmpc raturcs,
therefore resulting in an optimal temperature range for collcction.

Unfortunatcly, the grinding of biomass to kinetically controlled sizes is relatively expensive and commercial
proccsscs necessarily entail relatively large, diffusion limited particle pyrolysis (c.g. Antal, 1882). in contrast to

tar resulting from particles pyrolyzing in the kinetically controlled region, the tar produced from large particles




may exhibit prolonged tar residence times inside the biomass particle. Thus, secondary tar decomposition in these
regions may significant y reduce the available tar yields and cannot bc overcome by improved quenching methods.
This effect was observed in the numerical simulations of a 2.5¢m thick wood slab at large reactor temperatures
performed by Di Blasi (1993a) who showed that tar yields collected at the particle surface arc increased by more
than a factor of two by turning off the secondary reactions. These simulations which include secondary reactions
indicate tar yields < 20% by mass; much less than observed for kinetically controlled pyrolysis. The D1 Blasi
model dots not, however, consider the exterior particle boundary layer where further reactions occur and hence
cannot account for the associated effects inherent in tar collection in real reactors. Furthcrmore, Miller and Bellan
(19964a) showed that the kinetics employed inDiBlasi(1993a) arc incapable of predicting cxperimentally observed
pyrolysis behavior. In contrast, the ncw kinetics of Miller and Bellan (1996b) combined with the porous particle
model of Miller and Bellan (1996a) predicted results which agrec favorably with observat ions from a large variety
of biomass pyrolysis expcriments. Their particle pyrolysis model includes full property variations, thenimal and
mass boundary laycr effects, and accounts for fcedstock variations through supcrimposed ccl lulosc, hemicellulose
and lignin kinetics. An important prediction from the model is the existence of an optimal tempcerature regime
for tar production.

The objective of this paper is to present results relevant to tar yield optimization from biomass pyrolysis of
relatively large particles. Efforts arc focused on particles sizes ~ 1 cm in order to illustrate the effects of pyrolysis
on typical waste wood chips potentially used in commercial applications. Although results arc obtained only
for spherically symmetric and isolated particles in initially quicscent environments, implications for large scale
reactor design arc discussed where appropriate. The macro-particle model of Miller and Bellan (1996b) is used
to simulatc the pyrolysis of a variety of biomass fcedstocks. Of particular interest arc the effects of sccondary tar
reactions, quenching, particle size, reactor tempcerat urc and the choice of an inert carrier gas on the tar yield. In
addition, an analysis is performed illustrating the sensitivity of several important biomass properties. The paper
is organized as follows: Section 2 presents a summary of the pyrolysis model. Section 3 addresses the simulation
results for a variety of biomass feedstocks and pyrolysis conditions as related to tar yields. Section 4 is devoted

to conclusions and further discussions.

2 PYROLY SIS MODEL

The macro-particle pyrolysis model has been described in detail in Miller and Bellan (1996b) and is therefore
only summarized here. The kinetics scheme for the model is based on superimposed CCI1U10SC, hemiceliulose and
lignin reactions. In this manner, any biomass fecdstock can bec simulated through the knowledge of its initial mass

composition with respect to these three primary components. Each of the virgin components undergoes an initial




depolymerization reaction:

Virgin - K, --» Active. (1)

This is followed by two primary compcting compositions, ns, to tar
Active — Kq - Tar, 2
and to a combination of char and gas:
Active — K3 -»> X Char -1 (1 - X) Gas. (3)
Secondary tar dccompositionis also modeled as a single step irreversible reaction:
Tar -- K4 - Gas, (4)

All reactions arc modeled with first order Arrhenius kinetics. The frequency factors and activation encrgics for
reactions K], K,, K3and the mass ratio X arc al dependent on the particular biomass component, whereas all
heats of reaction and secondary tar decomposition parameters arc indcpendent of the source component. Reaction
Kyhas Ah= 0, reaction K3 is endothermic with Ahg=255kJ/kg, and both the char formation and secondary
tar react ions arc exothermic with Ahg= --20 kJ/kg and Ahy= -42 kJ/kg. All remaining paramcter values
arc provided in Miller and Bellan (1996b).

The porous particle model incorporates all property variations, is valid both inside and outside the particle, and
employs a fully transient momentum equation in contrast to the traditional usc of the empirical Parcy 's Law. The
derivation of the model has been addressed previously in Miller and Bellan (1 996a) and only the final general

form of the equations (in sphericall y symmetric coordinates) is presented here:
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All proper-tics arc provided in Miller and Bellan (1996b). Previous comparisons with alarge variety of expcriments
for different biomass fecdstocks were favorable, particularly for small particle sizes (< 1 ¢m). Deviations from
experimental observations for large particles were associated with differences in the particle geometry between the
cxperiment and model, and with the identical set of proper-tics used for all biomass components and types. Thus, the
only difference in the calculations for different fecdstocks isin the mass compositions of cellulose, hemicellulose
and lignin. The lack of experimental data characterizing biomass components and types is addressed here th rough

asensitivity study.

3 RESULTS

The configuration considered is that of a single isolated and spherically symmetric biomass particle in an initially
quicscent environment composed of a super-heated and inert carrier gas, ‘I’ he outer boundary of the computational
domain is chosen to be at 12 =101R,0, the thermal radius is Ry/1t,0=5 (I is defined such that the
temperature is held constant at 7'= 7’k for al positions 72> It7) and 96 numerical grid points arc Used for
al smulations. The entire domain » < Ry is resolved in the simulations in order to account for secondary
tar reactions and their effects on pyrolysis evolution. All simulations arc for constant reactor tcmperaturcs,
atmospheric pressure, and a uniform initial particle temperature 7p,0 =- 300X . Boundary conditions> the numerical
method, and a discussion of effects of the above parameters arc provided in Miller and Bellan (1 996a). The carrier
gas is chosen to be steam (unless otherwise noted) duc to its ath-activeness for commercial applications (scc Table
1 for carrier gas properties used in this work). All simulations arc terminated when the particle mass achicves
99.9% conversion (denoted as the conversion time, £).

in biomass reactors, the pyrolysis vapors arc typicaly quenched in order to cool the tar oils and thereby
minimize the extent of secondary tar decomposition. However, it is expected that some decomposition will occur
within the boundary layer exterior to the particle. This process was well understood by Scott er. al. (1988)
who used rapid quenching to maximize tar yields. in order to addyess the effects of quenching in the current
simulations, an cffective “harvest radius’ (/¢;;) is employed to define the maximum normalized “tar collection”

available at location 1y :
f Anle;. PtharU di

Tar Collection z
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where all variables in the numerator arc evaluated at 7=-12;;, and the denominator is the initial particle mass.
With this definition, the tar collection corresponds to the normalized mass of tar passing through the radial position
Ru(Ipo<Ry<Rp) integrated over the entire duration of the simulation. Thus, the tar collection at small
Ri1 corresponds to rapid quenching with minimal secondary tar reactions in the boundary layer, whereas large
Ry values indicate minimal quenching conditions. The derived tar collection is not an exact representation of
achicvablc yields as tar remaining inside the region » < I;; (in particular inside the particle) at the final simulation
time? =1, is not included. The value of studying the radial dcpcndcncc of the tar collection is to provide insight
into the relative effects of quenching secondary tar reactions in the boundary layer upon attainable tar yields
during pyrolysis.

Figurc 1 presents the variation in biomass pyrolysis behavior for a variety of fecdstocks. The conversion is
defined as (1 -% char formed) and the tar collection is defined by Eq. (15). The simulated particles have initial
size /tp,0 = 0.5cm, the reactor temperature is 7, = 900K and the tar collection is evaluated at the particle surface
(Ryr= Ry 0). All mass compositions of the biomass components arc provided in Table 2. initial heating of the
particle from room temperature requires =~ 60s before significant pyrolysis occurs, The plots arc al extended to
{ = 250s, past the conversion time, in order to clarify the differences among feedstocks. The conversion variable
is observed to behave similarly to the surface tar collection, Highlignin content biomass (e.g. olive husk) tends
to produce large char yields and therefore low relative tar collections. In contrast, the largest tar collections arc
produced by the high cellulose content beech and pine woods. Significant deviations in final char yields arc
observed for the various feedstocks ranging over approximately 10°/0 of the initial particle mass. 1 lowever, the
absolute variation in tar yield is not strongly dcpcndent on the particular biomass (approximately s« range) and
may be smaller than experimental uncertainty for tar measurcments. ‘I’his is duc to the large particle size which
allows considerable secondary reactions to occur within the particle. Note that the tar yields arc in all cases
< 20% by mass, much less than the sub-millimeter sized particles used in the experiments of Scott ef. al. (1988).
The remaining discussions arc primarily for maple which represents a typical hardwood, and/or for olive husk

representing a high-lignin content feedstock.

3.1 Effecis of Secondary Reactions and Quenching

The dramatic limitations imposed on the potential tar collection by finite particle sizcs and secondary reactions arc
illustrated in Fig.2 where the kinetic limits of char and tar production for both maple and olive husk (secondary
reactions turncd off) arc plotted. Thcorctically, amost the entire particle mass can be converted into tar at large
temperatures. However, several factors present during realistic pyrolysis strongly reducc these potential yields.
First, the secondary reactions which occur both inside and outside the particle convert tar to gas at rates which

increasc exponentially with temperaturce. Large particles arc characterized by longer tar residence times in the




particle’s interior, hence more time for secondary reactions to occur. Second, endothermic reactions and diffusion
limitations result in “effective pyrolysis temperaturcs” significantly below the reactor temperature for finite particle
sizes. Thercfore, real particles pyrolyze in a relatively low temperature range in which tar production is reduced.
This latter effect is discussed in detail in Miller and Bellan (19964) and Miller and Bellan (1996b).

An additional constraint on the actual tar collection in areactor is introduced by the method of pyrolysis vapor
quenching. As pyrolysis procccds, pressure builds within the particle resulting in tars and gases cjected into the
particle’s surroundings which is typically at tcmpcratures large enough to induce further secondary tar reactions.
It is therefore desirable to quench these reactions as rapidly as possible in order to maximize the actual collected
tar oils. Figure 3 depicts the normalized tar collection evolution for various harvest locations. The results for
maple arc under the same conditions as those of Fig. 1. The maximal tar collection is at the particle surface,
corresponding to a perfectly efficient quenching process. As quenching becomes less efficient, the tar collection
is strongly reduced. Under the present conditions, only negligible tar yields are observed for 12;r > 54p0. In
addition, the maximal tar yield is less than 20°/0 of the initial particle mass; this is significantly lcss than the
kinetic limits shown in Fig.2. Thesc results clearly indicate the importance of the quenching process for reactors

which aim at maximizing tar collection.

3.2 Effects of the Reactor Temperature and the Initial Particle Sze

Severa effects of the reactor temperaturc arc addressed in Fig. 4 which depicts both the final char yield and the
final tar collection magnitudcs for both maple and olive husk. The curves arc produced using results at 1 =1,
from cleven different simulations for each feedstock. The initial particle size is f8p,0=0.5¢m. As discussed
above, the observed variation in char yield among the feedstocks is much larger than for the tar collection; the
reduced difference between tar collection for different fecdstocks is duc to secondary reactions. Note also that
the final char yield dependence on temperature is markedly reduced from the kinetic limits observed in Fig.2
duc to endothermicity and associated cffective pyrolysis temperature effects. in fact, a comparison with the char
yield limits in Fig.2 suggests that the effective pyrolysis temperature is < 650K for al reactor tempcratures
considered for this particle size. This behavior isin agreement with previous observations of Narayan and Antal
(1996); Miller and Bellan (1996a); Miller and Bellan (1996b) and helps to explain the markedly reduced tar yields
obtained for large particle sizes (as discussed above).

The most striking feature of Fig.4 isthe presence of maximum tar collection magnitudes for moderate reactor
tempceraturcs When the quenching is relatively rapid (1¢; <1.54,0). As was dcscribed above, although larger
primary tar production occurs for increasing temperatures (sce Fig.2), corresponding increases in the secondary
reaction rates are in competition with this process. Thercfore, an optimal pyrolysis temperature for tar collection

may exist, depending on the cfficicncy ofthc quenching process. As quenching becomes less efficient, the optimal




pyrolysis temperature decreases and tar collection becomes a decreasing function of 7 %. The existence of optimal
tempceraturcs for tar collection is confirmed by past maple wood pyrolysis observations of Scott and Piskorz
(1 982) and Scott et. al. (1 988). Although in these experiments, only very small particle sizes (~100;m) were
investigated, the optimal reactor tempcraturc was observed to be ~ 775K which is in good agrecement with the
current results.

The initial particle size is aso expected to influence tar collection from biomass pyrolysis by altering the tar
residence time inside the particle. This effect is highlighted in Fig.5 for three different reactor tcmperatures and
three different harvest radii. In all cases, tar collection is observed to dccrcase with increasing particle size at
constant tempcerature. This result is indcpendent of the harvest radius and is duc to an increase in the tar residence
time inside of the particle. For collection locations relatively far from the particle surface (725 >1.51¢,0), the
tar collection decreases with increasing reactor temperature within the range considered. This is again duc to the
corresponding incrcased secondary tar decomposition for large temperaturcs.

The most interesting feature of Fig.5 is the observed crossing points for the tar collection for small harvest
radii, corresponding to rapid guenching. In these cases (Fig.5a and Fig.5b), the optimal reactor temperaturc for
tar production is a function of the particle size. For small particles ~ 1rmin, tar residence times arc decreased and
the tar collection is governed predominantly by the primary production reaction; thercfore, maximal collections
arc observed at large reactor temperatures. However, as the particle size increases, along with tar residence times,
secondary tar decomposition dominates at high temperatures. ‘1 his results in desirable lower reactor temperatures

for tar collection.

3.3 Effects of the Carrier Gas

All of the above results were obtained using steam as an inert gas; however, in many experiments nitrogen is used
to purge tar from the particles and make it available for collection (e.g. Scott er. al., 1988). Figure 6 illustrates
the effect of the carrier gas by comparing the pyrolysis of maple wood using both steam and nitrogen as inert
gases, under otherwise identical conditions. The initial particle size is 1,0 =0.5¢m and the reactor temperature
isTy =- 900K . Figure 6a depicts the mass averaged particle temperature:

o dmr?plT - dr

<T>= "
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(16)

as a function of normalized time. The mass averaging is with respect to the solid phase specics, neglecting
the char contribution, and this parameter has been discussed previously in Miller and Bellan (1 996a) and Miller
and Bellan (1996b). The primary difference between the two carrier gases affecting the present results is in the
magnitude of the specific heat capacity (see Tablc 1) which is more than 2.5 times larger for steam. The associated

larger specific internal energy of the steam results in an increasced “thermal mass’ for heat exchange with the



particle. Thercfore, the maple sample in the steam environment is heated to, and reacts at, higher tempcratures
than the same sample in a nitrogen environment (Fig.6a). As discussed above, the larger reaction temperature
causes an associated dccrcasc in the tar collection when rapid quenching is performed. The small reversal in
trends observed at 725 =21, 0 isrelated to the far field temperature exterior to the particle. g-bus, carec must be
taken in extrapolating any results to different reactor conditions. Nevertheless, the primary influcnce by the inert

gas on pyrolysis is through its heat capacity and corresponding changes in the effective reaction tempera.turc.
3.4 Sensitivity Analysis

The above particle pyrolysis calculations were performed by using the same set of properties for all biomass
speeics, The only difference between feedstocks is their composition in terms of mass pereentages of cellulose,
hemicellulose and lignin. In their current form, the calculations arc made for identical properties and heats of
reaction for all three of the primary biomass components (ccllulose, hemicellulose and lignin). In addition, these
properties and heats of reaction arc assumed to be indcpendent of the source feedstock. This is the result of very
limited data available regarding these properties, making it impossible to tailor their values for each component
and/or feedstock. Miller and Bellan (1996b) suggested that observed deviations between the model predictions
and experimental results for large (> 1crm) particles may be attributed to the lack of specificity in property values;
particularly to the assumed feedstock independence. In order to dctcrminc the importance of these effects on tar
collection, a scnsitivity study of several of the assumed biomass thermal properties is made. in particular, the
biomass apparent density, thermal conductivity y, heat capacity and primary heats of reaction arc investigated.

Figure 7 compares the effects of the initial apparent density of the biomass on the temporal evolution of the
tar collection at several harvest radii. All simulations arc for pine wood with #¢,0=0.5¢m and 77 =- 900K
and the tar collection values arc for various harvest radii, 25/ 1%,0. The base value for the calculations is
pw = 660kg/m3 which was taken from expcrimental hardwood mcasurements made by Koufopanos et. al.
(2 991). 1 Iowever, this value may bc too large for softwoods and other biomass feedstock. For example, Pyle and
Zaror (1984) prescnted experimental measurements in the range [4 50kg/m3 550kg/m3) for pine wood. in fact,
the deviations found in Miller and Bellan (1996b) for large particles were for pine wood pyrolysis comparisons.
These deviations were attributed primarily to the predicted pyrolysis initialization being longer than observation.
Figure 7 shows that these deviations may bc attributed to the apparent density. Lower values of the density
result in earlier pyrolysis initialization; however, the final tar yields arc not altered significantly. Thercfore, care
should bc taken in prescribing the apparent density for softwoods and other fcecdstocks, particularly when temporal
evolutions arc of interest.

Figure 8 presents the temporal evolution of the tar collection from maple wood as a function of both the biomass

thermal conductivity and heat capacity. in all cases, the initial particle size is /%,0=0.5¢m, 1 = 900K, and the
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tar collection is at the particle surface (1, =~ 1tp,0).- Three values for each parameter arc chosen, including the
base value. Figure 8a shows that neither a 25% increase or decrease in the thermal conductivity significantly alters
the tar collection. Increascs in the conductivity allow larger particle/reaction temperatures and result in larger tar
yields at the particle surface (wc Fig.5a). On the other hand, tar collection is particularly sensitive to changesin
the heat capacity by aslittle as+10% (Fig.8 b). Large heat capacitiesinitially cause delayed heating of the particle
duc to increased thermal inertia. However, at later times during the reaction, the larger heat capacities result in
an incrcascd resistance to endothermic cooling and therefore arc characterized by a larger reaction temperature.
These competing effects cause the curve crossing at intermediate timesin Fig.8b and result in the increasing final
tar collections with heat capacity.

The final parameters for sensitivity investigation arc the heats of reaction for the primary pathways K ,and K..
Effects of these parameters on the tar collection evolution arc depicted in Fig.9 for the same particle conditions as in
Fig 8. In both cases, the heat of reaction is altered by 4 20%. The sensitivity of the cndothermic heat of reaction
is not substantial as observed in Fig.9a. increasing the magnitude of A}, dccrcascs the particle and reaction
temperat ure; this correspondingly decreases the tar collection at the surface of the particle as discussed above.
The three curves for various values of Ahg (char production reaction) almost completely overlap (Fig.9b). This
isbecause at high temperatures the primary tar reaction dominates over the char production reaction; particularly
when weighted by the heat of reaction. At lower reactor temperatures, such as those employed for charcoal

production, it is expccted that changes in Ahg will have a greater impact than changes in Ahs.

4 CONCI1LJSIONS

Tar yields and collection from relatively large particles have been predicted using the detailed biomass pyrolysis
model of Miller and Bellan (1996b). The numerical results were obtained for spherically symmetric particles
in initially quiescent environments. Results for a variety of biomass fecdstocks, including several hardwoods,
softwoods, olive husk and wheat straw indicated that the absolute deviation among fecdstocks is more significant
for char yields than for the mass of tar oils available for collcction. This was attributed to prolonged residence
times and sccondary tar reactions occurring inside of the particles.

The results also show that the competing processes of primary tar production and secondary tar decomposition
interact in different ways depending on the particular set of pyrolysis conditions, In particular, secondary tar
reactions can occur both in the particle’s interior and in the exterior boundary layer. Interior reactions become
important when the tar residence time is large, whereas outer reactions arc primarily important when the pyrolysis
vapors arc not rapidly quenched near to the particle surface. In either case, the potential tar collection is greatly

reduced relative to the kinetic limits for redistic finite particle sizes. in addition, as the quenching process
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becomes less efficient duc to the secondary reactions, tar collection is substantialy reduced from that exiting the
particle surface.

An important result which is conceptually applicable to rcactor designis the existence of an optimal reactor
temperature for maximizing the tar collection; this optimal temperature is the direct result of the competing tar
reactions discussed above. For particle sizes ~ 1em, the optimal temperature was observed to be = 875K for
cfTicient quenching near the particle surface. This result is in good agrecment with Scott ef. al.s (1988) past
experiments in a bench scale fluidized bed reactor. Tar collection is a strong function of the initial particle
size; predominantly duc to alterations in tar residence times. The optimal reactor conditions for tar production
arc highly dependent on the particle size: The simulations show that when quenching is efficient, tar collection
increases for small particles (~ 1mm) with increasing reactor temperaturc; however, larger particles (-~ 1em)
show the opposite behavior with tempcrature. For poor quenching (far from the particle surface) decreasing tar
yields arc obtained with increasing tempcrature for al particle sizes considered.

In addition to reactor temperature, initial particle size and quenching, the choice of an inert carricr gas can
also affect the pyrolysis evolution. The results show that for cfficient quenching processes, the usc of nitrogen as
a carrier gas can lead to significantly improved tar yields over those obtained with inert steam, This difference
in behavior was attributed primarily to diffcrences in the heat capacities of the two gases.

Finally, results from a sensitivity analysis of several thcnno-chemical properties of the biomass were presented.
Simulations illustrated the sensitivity of tar yields to the apparent density, thermal conductivity, heat capacity and
primary heats of reaction, Conversion times were significantly dccrcased by altering the apparent density from
hardwood to softwood measured values duc to earlier pyrolysis initialization; however, final tar yields were
relatively unchanged in magnitude. The results also suggested that the pyrolysis yields arc relatively insensitive
to the thermal conductivity and primary heats of reaction. Howcever, a relatively strong sensitivity to the biomass

heat capacity was found.
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TABLES

e y I e = R ] i

Sweciss. M1 Gl G2 [ n [
11,0 18.-016 “-» 2.20 2.9 X 10°78x10 ~ 11 X10™

N, _ 28013 08246  3.58 x 10°5.63 x 1 05 8.52x 10" 1

Table 1. Property values for steam and nitrogen. Vaues arc for 7'= 800K and p . 100k Pa

“* Biomass- Cellulosc  Hemiccllulose  Lignin Source
Beech 0.48 028 ‘- 024  Maschioer. al (1992)
Maple 0,40 0.38 0.22 Mok et al. (1992)
Oak 0.35 0.40 0.25 SERI (1 979)
Olive husk 0.22 0.33 0,45 Maschio et. a/. (1 992)
Pine 0.50 0.27 0.23  Ward & Braslaw (1 985)
Wheat straw 042 0,42 0.16 Chum et.al. (1 992)

Table 2: Biomass compositions by mass used in this study. All cxtractive and ash content arc
included with the hemicellulosc.
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FIGURE CAPTIONS

Figurc 1. ‘Temporal evolutions of the (a) conversion, and (b) tar collection at the surface (12;;/ R, 0= 1), for

various biomass fecdstocks. The particle conditions arc; Ry0=0.5¢m and 7}, =- 900X .

Figure 2: Kinetic yield limits as afunction of temperature for both char and tar collection with secondary reactions

turned off . The solid line is for maple and the dotted is for olive husk.

Figurc 3: Temporal evolution of the tar collection obtained from maplc at various values of R;;/1%.0. The

particle conditions arc; 250 =0.5cm and 1'x = 900K

Figure 4: Temperature dependence of the (&) char yield, and (b) tar collection at various values of 12;; /120, for

both maple and olive husk. The initia particle size is It 0 = 0.5¢mn.

Figure S: Tar collection for maple as a function of the initial particle size for various values of 7',; (8) 1257/ 12,0 =
1, (b) Ry /Rpo=1.25 and (C) Ry/Rpu0=-1 .5,

Figure 6: Effects of altering the carrier gas on the pyrolysis of a maple particle with /4,0 = 0.5¢rm and 7 = 900K .
(8 The mass averaged particle temperature as a function of normalized time. (b) Temporal evolution of the tar

collection at various values of 12/ R, 0.

Figure 7: Temporal evolution of the tar collection at various values of 7t /1¢, o for pine. The initial apparent
densities of the biomass arc po = 650kg /m3 (solid line) and pg =. 450k g/m* (dotted line). The particle conditions

arc; 18,0 = 0.5em and 7' = 900K

Figure 8: Temporal evolution of the tar collection at J2;; /#%,0 = 1 for maple; (a) varying the biomass thermal
conductivity = 25%, and (b) varying the biomass heat capacity =t 10%. The particle conditions arc ¢, 0 = O. bern
and 7 = 900K, and the basc values arc A, = 1.256 x 10" 15 ¥/, and C = 2.3:57.

Figure 9: Temporal evolution of the tar collection at R /1}, 0= 1 for maple; (a) varying the heat of rcaction
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Ahg by 420%, and (b) varying the heat of reaction Ahs=20%. The particle conditions arc /2,0 = 0.5cm and
T'r =- 900X, and the base values for the heats of reaction arc Ahgy . -4255kJ/kg and Ahz=--20kJ/kg.
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